High contact resistance is one of the primary concerns for electronic device applications of two-dimensional (2D) layered semiconductors. Here, we explore the enhanced carrier transport through metal-semiconductor interfaces in WS2 field effect transistors (FETs) by introducing a typical transition metal, Cu, with two different doping strategies: (i) a "generalized" Cu doping by using randomly distributed Cu atoms along the channel and (ii) a "localized" Cu doping by adapting an ultrathin Cu layer at the metal-semiconductor interface. Compared to the pristine WS2 FETs, both the generalized Cu atomic dopant and localized Cu contact decoration can provide a Schottky-to-Ohmic contact transition owing to the reduced contact resistances by 1 -3 orders of magnitude, and consequently elevate electron mobilities by 5 -7 times higher. Our work demonstrates that the introduction of transition metal can be an efficient and reliable technique to enhance the carrier transport and device performance in 2D TMD FETs.
thin Cu layer serves as a localized contact decoration at the metal-semiconductor interface. A comparison of drain current density versus drain voltage (JD-VD) output characteristics at various gate voltages (VG) for all three types of the devices is performed at room temperature, as shown in Similar to the Cu-doped WS2 FET, the Cu-contact WS2 FET also shows the Ohmic contact and current saturation, but the maximum JD,on is increased significantly up to 42 µA/µm at VD of 5 V and VG of 30 V.
To further understand the carrier transport properties, the output characteristics at the on state (VG = 30 V) are replotted in various analytical models, as shown in Fig. S1 in Supplementary Information. In the log(JD) versus VD 1/2 curves (see Fig. S1 (a) ), a linear dependence is found at VD > 2 V for all three types of the devices, suggesting that the carrier injections subject to the Schottky emission at room temperature 35 (2), and a linear dependence of ln(JD/VD) on VD 1/2 (see Fig. S1 (b) ) suggests the dominance of a trapinduced Poole-Frenkel (PF) emission. To better understand the impact of the traps on the carrier transport, the data is replotted in the log(JD) versus log(VD) curves (see Fig. S1 (c) ). A current saturation occurs at VD > 2 V for all the devices, implying a transition of the carrier transport from trap-filled limited (TFL) mode to space-charge limited (SCL) mode 36 , and the current can be described as
where m is the power factor determined from the linear slope of the log(JD) versus log(VD) curves, and Nt is the trap density. In the TFL region (VD < 2 V), the injected carriers are increased with VD but not enough to fill the traps which have an exponential distribution 37, 38 . In the SCL region (VD > 2 V), all the traps are filled by the injected carriers, so the subsequently injected carriers are free from the traps and fully controlled by the space charges which limit further injection of the free carriers. The Cu-contact device has a slope (0.66) which is similar with the pristine one (0.62) but different from the Cu-doped one (0.06) in the trap-free SCL region. This result indicates that the SCL current is mainly determined by the channel material rather than the contact condition.
Whereas in the TFL region, both the Cu-doped and Cu-contact devices show similar slopes (1.08 and 1.02) which are different from the pristine one (2.16), suggesting the impact of the Cu doping, either along the channel or at the contact interface, on the TFL current. In the ln(JD/VD 2 ) versus 1/VD curves (see Fig. S1 (d) ), the logarithmic dependence implies that the carrier transport is dominated by direct tunneling at the low temperature or thermionic emission (TE) at the high temperature. It can be predicted that by further increasing VD, a linear decay would occur which corresponds to the Fowler-Nordheim (FN) tunneling through a triangular tunneling barrier and can be described by the following equation
Here m0 is the free electron mass, m * is the effective mass of electrons in WS2, and h is the Planck's constant. To prevent the possible damage from the current-induced joule heating, in this work we limit the sweeping range of VD only up to 5 V so the FN tunneling is excluded. The direct tunneling through a trapezoidal tunneling barrier can be further confirmed by plotting the ln(JD/VD 2 ) versus ln(1/VD) curves (see Fig. S1 (e)), based on the following equation
The similar linear slopes of both the Cu-doped and Cu-contact devices indicate the comparable trapezoidal barrier heights at low VD. Based on these analyses, we can conclude that the carrier injection at the low VD (VD < 2 V) is predominated by the thermionic emission or direct tunneling for all the devices, and the current is mainly attributed to the TFL current (see Fig. S1 (f) ). At the high VD (VD > 2 V), the carrier injection is governed by the Schottky emission and the current is changed to the SCL current. The PF emission occurs at the low VD for both the pristine and Cudoped devices, but at the high VD for the Cu-contact one.
Temperature dependence of the JD-VD output characteristics is measured from 218 to 298 K for each type of the devices, and a linear relation in the Arrhenius plot, i.e., ln(ID/T 2 ) versus q/kBT, is obtained for various VG, as shown in Fig. 3 (a) . Our previous work has demonstrated a gate-dependent Schottky barrier modulation for 2D TMDs 39 and the value of ϕb for a given VD is estimated from the slope of each curve, as shown in Fig. 3 (b) . At zero VG or the equilibrium state, the value of ϕb is obtained as 166, 59, and 0 meV for the pristine, Cu-doped, and Cu-contact WS2 devices, respectively. As VG increases, a transition between the linear and exponential decay is observed, which indicates a flat-band condition across the metal-semiconductor interface. The carrier transport is dominated by the TE when VG < VFB, and by the direct tunneling or FN tunneling when VG > VFB, where VFB is the flat-band gate voltage. The value of ϕb at VFB, known as the intrinsic barrier height (ϕb0), can be used to estimate the band offsets between the metal and semiconductors. To further eliminate the effect from the applied VD, ϕb0 is plotted as a function of VD, and the values at zero VD are estimated based on a linear fit for each type of the devices, as shown in Fig. 3 (c) . Compared to the pristine WS2 FET (ϕb0 = 123 meV), the value of ϕb0 is reduced to 89 meV for the Cu-doped WS2 FET (i.e., ~28% reduction) and to 50 meV for the Cucontact WS2 FET (i.e., ~60% reduction), suggesting a significant improvement of the metalsemiconductor contact condition. Our results are also compared with the theoretical barrier height calculated by density functional theory (DFT) for the monolayer WS2 with various metal contacts 40 , as shown in Fig. 3 (d) . The values obtained in this work are about one order of magnitude lower due to the smaller bandgap in the multilayer structure.
Based on the extracted ϕb0 at VFB and ϕb at zero VG, the band diagram of the metalsemiconductor interface can be estimated quantitatively, as shown in Fig. 4 41 . Thus, being different from the generalized Cu doping along the channel, the localized Cu contact leads to a strong n-type doping only at the contact surface, and gives rise to the zero ϕb at zero VG. Besides, previous works have experimentally and theoretically demonstrated the great potential of WS2 and other 2D TMDs acting as the Cu diffusion barrier 42, 43 , which also evidence that the doping effect induced by the Cu contact can be confined only at the contact interface.
Transfer characteristics. The comparison of JD-VG transfer characteristics at room temperature is shown in Fig. 5 (a Based on the transfer characteristics, transconductance (gm) is calculated and their temperature dependence indicates a metal-insulator transition (MIT) phenomenon, as shown in where G0 is the constant. A plot of ln(G) versus 1000/T at the on state for each type of the devices is shown in Fig. 5 (e) . The values of Ea are extracted from the linear fit of the plots, and their dependence on VG across the subthreshold and superthreshold regions (-10 to 30 V) are calculated, as shown in Fig. 5 (f) . A clear reduction of Ea can be found in the Cu-doped and Cu-contact WS2 FETs, which is consistent with the behavior of the VG-dependent ϕb (see Fig. 3 (b) ). Assuming the dependence of Ea on VG equals to the dependence of EF on VG, the density of the states (DOS) below the conduction band edge can be extracted from the expression dEF/dVG = dEa/dVG = Cox/(Cox+Ct), where Ct = e 2 DOS is the quantum capacitance. Figure 5 (g Being consistent with the MIT behavior, the electron currents (e.g., at VG = 30 V or the on state) for all three types of the devices decrease with T from 218 to 298 K, whereas the hole currents (e.g., at VG = -30 V or the off state) increase with T, as shown in Fig. 6 (a) . The T-dependent electron current variation can be attributed to the dominance of lattice scattering which decreases μFE with the increasing T. Here μFE is defined as (L/W)(1/Cox)(1/VD)gm where L and W are the channel length and width, respectively. It is found that μFE follows a power-law relation with T as μFE ~ T -γ , where γ is the temperature damping factor and calculated to be 0.7, 0.72, and 1.66 for the pristine, Cu-doped, and Cu-contact WS2 FETs, respectively, as shown in Fig. 6 (b) . Our results show a good agreement with previous reports on the WS2 FETs where the value of γ ranges from 0.73 to 1.75 14 . On the other hand, the hole currents increase with T due to the thermal energy assisted generation of the minority charge carriers which contribute to the leakage current at the off state.
To further confirm the enhancement of the carrier injection through the metalsemiconductor contact interface, we fabricate transmission line measurement (TLM) devices to extract the contact resistance (RC) as a function of VG for each type of the devices, as shown in Fig.   6 (c) . At the on state, RC is calculated as 2.2 × 10 9 , 7.4 × 10 6 , and 1 × 10 6 Ωμm for the pristine, Cu-doped, and Cu-contact WS2 FETs, respectively, suggesting a significant improvement (a reduction by about three orders of magnitude) of the carrier injection by introducing Cu. Even at the off state, RC also shows a reduction by one order of the magnitude with either the Cu atomic doping or Cu contact decoration. Our results are also benchmarked as a function of the channel resistivity, ρ2D,channel = (Rtotal-RC)W/L 34 , in a comparison with the merit of the monolayer WS2 14 and few-layer Cl-doped WS2 47 , as shown in Fig. 6 (d) .
Here Rtotal is the total resistance measured as VD/JD. It is noted that both the Cu atomic doping and Cu contact decoration can provide the lowest RC/Rtotal ratio which is required to be 20% by the International Technology Roadmap for Semiconductors (ITRS) in 2015.
Discussion
To eliminate the possible deviation among the devices due to the difference in terms of the flake uniformity and contaminations etc., a statistical analysis based on about 30 devices of each type is carried out at room temperature, which proves the reliability and accuracy of our results.
Under the same measurement condition, the JD-VG transfer characteristics of all the pristine, Cudoped, and Cu-contact WS2 FETs are compared, as shown in Fig. S2 in Supplementary Information. The statistical analysis of the transistor performance, including µFE, JD,on, on/off ratio and SS, are summarized in Fig. 7 . Both the median and mean values show a clear improvement by introducing the Cu atomic doping and Cu contact decoration. For example, compared to the pristine WS2 FETs, the mean values of µFE, JD,on, and on/off ratio in the Cu-doped WS2 FETs are about 5, 4, and 2 times increased, respectively, and the mean value of SS is over 30% reduced.
The Cu-contact WS2 FETs show an even better performance, including about 7 times increases in µFE and JD,on, 6 times increases in on/off ratio, and 26% reduction in SS.
In conclusion, we carry out a comparative study among the pristine, Cu-doped, and Cucontact WS2 FETs, and demonstrate that both the Cu atomic doping and Cu contact decoration can efficiently enhance the carrier transport in WS2 FETs. The charge transfer with Cu can effectively change the Fermi level of WS2 along the channel for the Cu-doped devices, and considerably reduce the workfunction of Cu at the metal-semiconductor interface for the Cu-contact devices.
The Schottky-to-Ohmic contact transition with the lowered contact barrier can enhance the carrier injection through the metal-semiconductor interface, and give rise to the drastic reduction of RC.
The statistical analysis shows a significant improvement of the carrier transport as well as the device performance in terms of µFE, JD,on, on/off ratio, and SS.
Methods
Material synthesis and characterization. Both the pristine WS2 and Cu-doped WS2 crystals were grown by chemical vapor transport (CVT) reaction using iodine as a transport agent. A slow growth rate from the vapor phase ensures an extremely low density of structural defects in crystals, based on our previous studies [48] [49] [50] [51] . Briefly, a silica ampoule containing WS2 powder and iodine were evacuated and sealed at a pressure of 10 -3 Pa to synthesis the pristine WS2. The transport reaction ran at 1060 K with a temperature gradient of 5.6 K/cm in a two-zone furnace. After three weeks of growth, the silica ampoule was slowly cooled to room temperature with a controlled cooling rate of 15 K per hour. Approximately a few percent of the starting material were transported by the reaction to form nanotube structures, and the rest of the transported material grows thin layered crystals. For the Cu-doped WS2, the growth followed the same procedure but a small amount of Cu foil (0.5% by nominal weight) were added in the ampoule. Then, both the pristine and Cu-doped WS2 flakes were mechanically exfoliated from the synthesized crystals and transferred onto n-type Si substrates (0.001-0.005 Ωcm) which had a 90-nm-thick SiO2 layer on the top. An energy-dispersive X-ray spectroscopy (EDX) characterization was carried out to verify the existence of Cu in the synthesized WS2 flakes, as shown in Fig. S3 (a) were also investigated by Raman spectroscopy, as shown in Fig. S3 (c-e) in Supplementary Information. Compared to the monolayer WS2, both the peak positions and intensity ratios 52 indicated the few-layer structures of the pristine and Cu-doped WS2 flakes in this work. Moreover, the E 1 2g peaks for the pristine and Cu-doped WS2 were located consistently at around 357 cm -1 , suggesting a negligible effort of Cu atomic doping on the in-plane vibrational mode of WS2. In contrast, the A 1 g peak was found to be softened (red-shifted) from 422.5 to 421.9 cm -1 due to the Cu-induced electron doping. The insensitivity of the E 1 2g peak and the pronounced red-shift of the 
